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The lunar gravity field is determined from the tracking data of
previous missions to the Moon with the 1998-1999 Lunar Prospec-
tor (LP) mission being the major contributor. LP provided the first
measurement of the gravity field in a low polar circular orbit giv-
ing complete coverage at high resolution for the entire lunar near-
side. However, since there is no direct measurement of the lunar
farside from LP or any other mission, gravity details for the far-
side gravity are greatly limited. Even so, it has become apparent
that there are mascons on the farside of the Moon together with
the newly identified mascons in the LP data for the lunar near-
side. The extended mission low-altitude data (at times less than
10 km above the surface) has gravity information for the nearside
to nearly degree and order 180. The 100th-degree lunar gravity mod-
els (LP100J and LP100K) extract most of the information from the
nominal 100-km altitude. A 165th degree model LP165P attempts
to model the extended mission data with some but limited success.
This model provides a smooth solution without aliasing when eval-
uated up to degree 110 allowing for resolution of numerous craters.
In addition, a preliminary solution for the lunar Love number is
kz =0.026 4+ 0.003. (© 2001 Academic Press
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INTRODUCTION

Lunar ProspectofLP), NASA's third Discoverymission and

Since there has been no direct observation of the lunar f
side gravity by any lunar mission (i.e., it is never visible from the
Earth), tracking data from all missions prioitB have provided
important information for the lower degree harmonics (i.e., pc
lar moment of inertia) and large-scale features in the farsic
gravity. In fact with theLP data only, the farside mascon fea-
tures discussed in this paper are not visible. The farside grav
information comes from the observed long-term effect on th
spacecraft orbit. This farside hole in the gravity data is by fe
the biggest challenge in processing all the lunar gravity data a
obtaining a reasonable gravity solution. The gap is about 33
of the surface since we can track the spacecraft abcub\agr
the limb. Originally a relay subsatellite was proposedLfBrto
provide direct measurement of the farside gravity but was ca
celed in order to reduce cost. However, the JapaS&deENE
mission in 2003 has a relay subsatellite planned for the dire
measurement of the farside gravity.

Study of the gravity field of the Moon began in 1966 with
the RussiarLuna 10mission (Akim 1966) and was followed
in August of that same year, by the first UlSunar Orbiter
(LO-I). By August of 1967, four additional orbiters@-I1, III,

IV, andV) were placed in orbit with various orbital inclinations
and eccentricities. Many published their analysis of the gra
ity field. Using a spherical harmonic expansion of the gravit
field, Lorell and Sjogren (1968) produced arx & model, Liu

and Laing (1971) a 1% 8 model, and Michael and Blackshear

the mostrecent lunar mission, was launched January 6, 1998 g1f2ir2) a 13x 13 model. Muller and Sjogren (1968), using a
after a series of maneuvers was placed in a near circular ortuv technique of differentiating the Doppler residuals, provide
less than two weeks later on January 15 at an altitude of 100 kime accelerations along the line-of-sight (LOS) from the track
(see Bindert al. (1998) and Binder (1998)L.P remained in ing station to the spacecraft. This produced a frontside gra
this polar { = 90°) 2-h orbit for about one-year for the durationity map that displayed large positive gravity anomalies withi
of the nominal mission. This provided global coverage for thbe large circular maria basins with low topography. This une>
gravity experiment every 14 days except for the occultation pected discovery was opposite of any geophysical model at tt
the spacecraft whenever it disappeared behind the Moon. dne and started the development of new models of the Moon
December 19, 1998, the altitudeld? was reduced to an aver-interior. These features were called mascons (short for “ma
age of 40-km to calibrate the gravity field in preparation for aconcentrations”).

even lower extended missidoP began its extended mission on In addition to theLunar Orbiters the Apollo 15and16 mis-
January 29, 1999, when the spacecraft was lowered to an aversigas, in 1971, released two subsatellites with S-band transpc
of 30 km to obtain higher resolution gravity, spectrometer, artters that provided substantial tracking data in retrograde c
magnetic data. At the end of mission on July 31, 1999 #Re bital inclinations of 10 and 30 and initial circular altitudes
spacecraftimpacted the lunar surface in an unsuccessful atteofpt00 km. From these data as well as tracking data from tt
to detect water vapor in the rising dust from impact. Apollo Command Service Modul¢€SM), many additional
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line-of-sight analyses were performed (e.g., Philépal.(1972) degree models (LP100J, etc.) provides additional support f
on the Serenitatis mascon) in addition to surface mass distrilblis interpretation.
tion models by Wongt al. (1971) and Ananda (1977). The LP100J model includes all th® Doppler and range data
Further spherical harmonic analyses of the lunar gravity wetterough February 8, 1999, that is, all the nominal mission dat
continued into the late 1970s by Ferrari (1977) and Bills and the 100-km orbit, all the 40-km average altitude data of abot
Ferrari (1980), but at most degree and order 16. The resolutiéh days, and the first 10 days of the 30-km average altitude c
of the gravity solutions were limited due to the extensive conbit. A similar follow-on model (LP100K) added the rest of the
putational time required. However, with the availability of im-extended mission data and, thus, contained all the tracking ds
proved computer power in the 1990s, the Lun60d gravity modebm the LP mission. The LP100K model is only a slight im-
of Konopliv et al. (1993) extended the resolution to degree angrovement over LP100J with the surface features being neat
order 60 (60? coefficients) using all the available historic datadentical. All theLP models also include all the available data
(Lunar Orbiter 1=V, and Apollo 15and 16 subsatellites). Al- from the previous missions &funar Orbiter I-V, theApollo 15
though this first high-resolution model predicts orbit behavi@nd16 subsatellites, an@lementineas described by Konopliv
very accurately, it has strong aliasing in the higher degrees (&tal.(1993) and Lemoinetal.(1997). The LP100J and LP100K
to 60), showing a lot of noise in maps of the lunar surface. Howaodels probably provide the best orbit determination accurac
ever, when surface maps are generated only through degree/&@us computational time required to determine the orbits ar
much of the noise is removed, allowing for geophysical interprerould be the models suggested for the initial operational use fi
tation. Subsequent JPL models (e.g., Lun75f) developed pri®ELENEor other future missions. LP165P provides the best ac
to LP have less noise and maintain the orbit prediction accuracyracy but may take excessive computer time because ofthe hi
More recently, the GLGM-2 model of Lemoiret al. (1997) degree and order. Typical orbit uncertainties forltRenominal
included theClementinetracking data with the same historicmission were 0.5 m in the radial direction (altitudejpdm in
Lunar OrbiterandApollo data. They showed that tliglemen- the other two directions (along the velocity vector and norme
tine data, acquired in 1994 from an elliptical orbit with a higheto the orbit plane); see Carraneaal. (1999) regarding orbit
periapse altitude of 400 km, provided improvement in the loaverlap analysis using LP100J. Because of the farside hole
degreell = 2, 3) and sectoral terms (to degree 20) of the gravithe gravity and the associated large uncertainty, the gravity fie
field. TheClementindaser altimetry data, however, provided thevill have to be tuned for orbits that are not an exact repeat of tt
global shape of the Moon for the first time (Sméhal. 1997). LP orbits. For example, without fine-tuning of the gravity field
This topography together with the gravity allowed for substantiaking the expecteBELENEdata, the orbit error would be about
improvement in the geophysical modeling of the Moon (Zub&0 m radially and on the order of 1 km in the alongtrack direc
et al.1994). tion when using LP100J, LP100K, or LP165P. Fine-tuning o
the gravity field by including th&€ ELENEracking in the grav-
LP GRAVITY MODELS ity solution would reduce the error to the LP levels. However
the LP models should accurately predict the altitude behavi
The initial models that included theP tracking data were of any circular orbit for inclinations greater than°gfo several
75th degree (LP75D and LP75G, see Konogtval. (1998)) hundred meters for month-long predictions).
and after the nominal mission were followed by 100th degree The 100th degree models extract most of the gravity informe
models (LP100J and LP100K, see Konopliv and Yuan (1999}jon from the nominal 100-km altitude mission with very little
These models are available from the Planetary Data Systsignature leftin the remaining Doppler residuals. However, witl
(PDS) Geosciences Node (wwwpds.wustl.edu). LP75D was tife extended missiohP at times reached to within 10 km of the
“30-day” report field and contains tracking data to February 18¢tual surface especially over the south pole mountains and f:
1998. LP75G contains data to April 12, 1998 and was the sufide highlands. In general, the extended mission contains grav
ject of the lastLP gravity publication (Konoplivet al. 1998). informationto roughly degree 180. An attempt has been made
The model highlights included the improvement of the normatrodel the gravity field to degrees higher than 100 but not quit
ized polar moment of inertia by about a factor of 5 (0.3932 to 180. Using a method similar to the determination of the 180t
0.0002) and the several new mascons at the high-latitude lodagree model for Venus (Konoplat al. 1999), a 165th degree
tions on the nearside as well as indications of mascons on thedel (LP165P) was estimated in multiple steps. This solutio
farside of the Moon. Prior t&P, all known mascons were onis complete to degree 122(5,000 coefficients) and then using
the nearside and associated with large maria-filled impact basit& solution to degree 122 as the a priori, the gravity is estimate
Several new mascons were found for impact basins with little segments to degree 145,000 coefficients) and then 165
or no evidence of maria fill, indicating an origin more closely~6,000 coefficients) where each time the new solution is use
tied to the dynamics of the impact (Neumaetral. 1996). With as the a priori for the next. However, this process has not be
indications of mascons on the farside there is less likely a neas-successful as in the Venus case. There is strong aliasing at
side/farside crustal dichotomy origin for mascon formation. Thend and beginning of the cutoff degrees 122 and 145 and it
identification of additional mascon features in the latest higherost likely due to the lack of global coverage from the farsid
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hole. As a result of this data gap, the coefficients are strondlynar Orbiterswere near equatorial with inclinations betweer
correlated and estimating the field in sections becomes difficdllf® and 20. LO-IV was near polari (= 85°) but was very ec-
The field represented to about degree 110 is very clean with vegntric and provided little gravity informatioh.O-V also was
little data noise, but for instance, at degree 140, it shows notigear polari( = 85°) but less eccentric with periapse at the equa
able noise in the gravity maps at the lunar surface. As for thar with an altitude of 200 km. When over the poles, H@-V
farside, all fields show considerable noise, although there is séiltitude was 600 km. For all but the LP165P solution, tia
significant gravity information. Still LP165P provides the bedlata set is weighted with an accuracy of about 1.0 mm/s exce
fit to the data as shown by the Doppler residuals, provides mufci parts of theLO-V data, which were weighted near 10 mm/s
better orbit accuracy versus LP100J or LP100K for the extendecgeneral, the weight of the data is near the RMS of the Doppl
mission (aboti2 m radially and 20 m in the other directions)residuals. The LP165P solution slightly deweights the histori
and provides clean spectral information without aliasing to de© andApollo data by a factor of 1.8.
gree 110 (versus degree 90 for the 100th degree models). It iTheApollo 15andl6subsatellites were simple spin-stabilized
the first cut at the higher frequencies to degree 165 that is usefphcecraft released from th@ollo CSMs They performed no
for nearside studies. Even so, future models that solve for ptopulsive maneuvers and so are ideal for gravity study. Tt
coefficients in a single step will be much better. Although at thispollo 16 subsatellite was released in a°liiclined circular
time, the high-degree models are difficult to evaluate becauseodbit (a retrogradé = 170 inclination) with a 100-km altitude
the lack of global high-resolution topography. The best globahd impacted the Moon 35 days later strictly due to the infl
model currently available is tHélementindidar model GLTM2 ence of the gravity field. The lifetime or long-term behavior of
to degree 90 (Smitkt al. 1997). a spacecraft in a low near-circular orbit is only dependent c
The high-frequency information in the LP data is also avaithe zonal coefficients of the gravity field (e.g., Konopival.
able for study with the LOS data that has been delivered to tf993)). For a given semi-major axis, the maximum lifetime i
PDS Geosciences Node as above and includes all the Dopjpldunction of the inclination of the orbit. The zonal effect is sc
data from the nominal and extended mission. In similar forstrong at a 10inclination, that any orbiter with a 20nclination
to theMagellangravity LOS investigations (e.g., Barriet al. and average 100-km altitude would likewise impact. In contras
(1998) and McKenzie and Nimmo (1997), the Doppler residthe Apollo 15subsatellite was released in a circular retrograd
als are with respect to a higher resolution gravity model (in this= 151° inclination (or 29 relative to the equator) at an altitude
case, LP100J) and thus contain the gravity signature beyond &ti@ 00 km and lasted for several years. At times it was sparse
modeled degree. tracked (one hour or one orbit per day) and so the gravity ir
formation is very limited in this data. In fact, multiple day arcs
GRAVITY DATA are difficult to converge with this limited tracking. There were
several dedicated tracking times of one or two weeks with trac
All the lunar missions used in determining the gravity fieléhg every third orbit that provided a lot of farside information.
(LO, Apollo, ClementingLP) were tracked at the S-band fre-There is no problem of orbit convergence with this much track
quency (2.2 Ghz), and all buapollo were tracked with the ing. Except for LP165P, the typical data weight is again nez
NASA/JPL Deep Space Network (DSN) complexes id.0 mm/s.
California, Spain, and Australia using 26-m stations and, for TheClementinenission provided tracking data for the gravity
LP andClementinewith the 34-m stations as well. Thgpollo field from February 19 to May 4, 1994, where for one month pe
subsatellites were tracked with 14 stations of the now nonexigapse was located at 38 and for the next month at 38 (both
tent Manned Space Flight Network (MSFN). The uplink S-bandith a 415 periapse altitude). About two-thirds of the tracking
signal to the spacecraft (2093 MHz foP) was coherently mul- of Clementineavas from the DSN with 10-s compression times
tiplied by 24Q/221 by the spacecraft transponder and retransmand an RMS data noise near 0.3 mm/s. Although for this gravi
ted to either the same Earth station (2-way data) or to a differemgestigation, the data were compressed to 60 s outside a :
receiving station (3-way). The 3-way Doppler datali@ and interval around periapse. The remaining tracking was from tt
Apollo were processed. THeP spacecraft did not have a dataPomonkey station of the Naval Research Center. The data no
recorder and so required near continuous tracking to downliftem this station was much higher at near 3 mm/s (Lemoin
the instrument data (a plus for the gravity experiment), so ondy al. 1997). Because of tracking file conversion problems
2-way Doppler plus range data were processed. the Pomonkey data were not included in the JPL gravity s
In terms of data quality, the oldd&iO data contained many lutions but this has a very small effect. Although the Dopple
uncoupled maneuvers to point the spacecraft for picture takilRMS was somewhat smaller tha®, theClementinelata were
These turns not only introduced antenna motion into the Doppleeighted also near 1.0 mm/s for all solutions. Lemaétel.
data but dynamically broke the gravity information in the datfl997) and Konoplivet al. (1993) give good overviews of the
arc. TheLO-V data set is exceptionally noisy from a possiblaistoricLO, Apollo, andClementinedata.
hardware problem. Even so, the enti® data set is important  The behavior of thApollo 16subsatellite is a dramatic display
for the determination of farside gravity features. The first thrae the strong influence of the gravity field on the orbit. The
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and 120 km for uniform collection of the spectrometer data. /
maneuver was required every 2 months to adjust the orbit. Th
resulted in a repeat pattern for the spacecraft altitude with a p
riod of 56 days very similar to the first 56 days of Fig. 1. The
extended mission data set was broken into two equal phases
three months each. The first three months of the 30-km avera
altitude orbit as well as the 40-km altitude orbit had periaps
on the nearside of the Moon and the last three months of tt
extended mission had periapse on the farside of the Moon. T
gether, the spacecraft minimum altitude over any given regic

Lowest Altitude (km)

of the Moon was roughly 20 km, but of course no direct track
2ol R e Ronopt eb 5 60560 bl | ing for the farside. For the extended mission, as for the nomin
Y T3 Femoime et a] 700 (glgm2) J mission, the mapping involved repeat orbits. A maneuver we
\ ==0-==Liu-Laing 15x8 . ae . .
- L\ —e— Ferrari 5%5 54 performed every 28 days to initiate the repeat orbit behavic
X ] —2 - Apollo 16 Subsat (Actual) d . . H
. , \ - - - ; with a separate repeat orbit for each three-month interval. F
0 20 40 60 80 100 120 140 each 28-day repeat pattern, the periapse altitude varied from

Days Past Initial Circular Orbit to 29 km above the mean surface, and the latitude of periap

FIG.1. Predicted orbit behavior fdrP. Each curve displays how the pe- dreatly varied over all latitudes.
riapse altitude of thé.P orbit changes with time for a given gravity field as  Overall, the Doppler data accuracy fd?is near 0.3 mm/s us-
determined by numerical integration of the orbit. Except for the last curve, tli]QQ al0-s sample time. The DSN beam waveguide 34-m statio
initial conditions are given by theP orbit after .it was cirgularized on \.]an.uary (e.g., DSS 24) provided the best data accuracy of 0.2 mm/s a
15, 1998. The last curve shows the actual periapse decligfato 16with its . . .
10° inclination. the 26-m station data noise varied between 0.3 and 1.0 mm/s.

for the nominal mission theP data weight was 1.0 mm/s for all
but the LP165P solution, which used a slightly tighter weight o

challenge for LP was determining the long-term trend of tH&8 mm/s. For the extended mission, however, there was a sign
spacecraft altitude since no prior spacecraft orbited the Mo@mant increase in the data noise for near the polar regions. Lowe
in a low-altitude circular polar orbit. If the altitude dropped likeng the spacecraft’s altitude in the extended mission brought tt
Apollo 16 then the LP mapping orbit would be very differenantenna close to the lunar surface and, thus, caused the transi
and the mission would last at most 6 months with no extendest radio signal to be scattered by the surface. The ground antc
mission because all the fuel would be used to maintain a sa@s received the radio signal in the direct path as well as adq
altitude. There was a wide range of possible behaviors predictemhal background noise reflected from the surface. The trackir
by propagating different gravity fields. Figure 1 shows the actuadceivers produced noisier Doppler data as the signal-to-noi
behavior observed fdcP once it was inserted into a circularratiodecreased. The datawere less noisy away fromthe poles:
orbit on January 15, 1998, together with the predictions frosubsequent occultations by the lunar polar surface, as the antel
five gravity fields determined prior toP (Lun60d of Konopliv was directed to Earth in a line-of-sight away from the surface
et al. (1993), and GLGM-2 of Lemoinet al. (1997), Bills and This problem was better understood after utilizing another typ
Ferrari (1980), Liu and Laing (1971), and Ferratrial. (1980)). of receiver that is used for occultations and other radio scien
The predictions from theEP-based models (LP75G, etc.) matctexperiments, which is an open-loop receiver. A downconverte
the actual observed altitude and so correctly incorporate theeselected portion ofthe spectrum was recorded in awide bar
long-term trend of.P. The actuaLP altitude ends after 60 dayswidth and digitized for post-processing, as opposed to real-tirr
when amaneuver was performed to raise the altitude. In additipnpcessing by the tracking receiver. The analysis revealed t
the altitude drop for thé\pollo 16 subsatellite is shown as anscattering effect near the carrier signal. A scattering effect we
example of possible behavior even though it has a different orhlso seen in the Doppler from the nominal mission but was muc
inclination. The Lun60d model was chosen to design the missitass pronounced because of the higher altitude. Anyone pr
and it turned out to provide the best prediction of any availabbessing thé.P extended mission data (including LOS analysis]
model. The differences of being out of phase after 20 daysshould be aware of this problem as well as any future missior
the model predictions of the more recent models (Lun60d apthnning low orbits. For the purpose of the gravity solutions
GLGM-2) have been traced to differences in coefficients as laamy data with excessive noise (~2—3 mm/s) were removed.
as degree 10. However, when looking at the RMS discrepancyin addition, with the much lower altitude for the extended
beyond the associated uncertainties of the gravity fields, the witiéssion, the mismodeled farside gravity had a much strong
range of predictions is really a consequence of the lack of farsieifect on the RMS fit of the data arcs. With two-day data arcs
gravity data. was impossible to adjust the gravity field to fit to the data noise

With the altitude behavior in the initidlP orbit shown to be The data arcs with periapse on the nearside fit better and a d
reasonable, the altitude could easily be maintained betweenvgight of 2.0—-3.0 mm/s was used. The data arcs with periap
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TABLE | length since, for example, irregular solar pressure solutions m
Summary of Tracking Data in the Gravity Solutions be due to errors in the farside gravity. Arcs could be confident
longer if farside gravity were observed.

Gravity Number Typicalarc  Number of

Mission fields ofarcs length (days) observations
LP SPACECRAFT
Lunar Orbiter | All 58 1 37,651
Lunar Orbiter I1 All 82 1 69,827 The LP spacecraft is a simple spin-stabilized cylindrical
Lunar Orbiter Il All 48 1 56,472 spacecraft with a height of 1.3 m and a diameter of 1.4 m. Tt
Lunar Orbiter IV Al 5 s 9309 gutside of the drum is covered with solar arrays and three equa
Lunar Orbiter V All 41 1 39,752 d 25 t ttached. Th b j
Apollo 15subsatellite Al 21 3 45433 SPaced 2.5-m masts are attached. These booms are norme
Apollo 16subsatellite All 7 4 25475  the spin axis and hold the spectrometer and magnetic instr
Clementine All 29 3 97,055 ments (see lunar.arc.nasa.gov or wwwpds.wustl.edu for mc
LP 100-km nominal LP75D 23 2 250,520 information on the spacecraft ab& mission). The dry mass of
mission (subset) the spacecraft was 158 kg. After lunar orbit insertion 33 kg c
Jan. 15, 1998—Feb. 15, . .
1998 propellant remained, of which 14 kg was used throughout tf
LP 100-km nominal LP75G 36 2 604,997 Nominal missionLP utilized an S-band (2.2-Ghz) communica-
mission (subset) tions system with the same model Loral-Conic transponder
Jan. 15, 1998—April 12, the Clementinemission. The spacecraft had two antennas bof
aced as near to th in axis or cylindrical axis of symmeti
LP 100-km nominal LP100J 176 2 2,282,094 placed .sl Th ° e_Spt sorcy | d deO tf)ll el'
mission (all) LP100K as possible. The omni antenna was always used for the up-li
Jan. 15, 1998-Dec. 19, LP165P signal and sometimes for the down-link. However, the mediut
1998 gain antenna was mostly used for transmitting the signal ba
LP 40- and 30-km LP100J 24 2 306,909 to Earth. The spin axis was pointed to withir I the ecliptic
extended mission north for the first nine months of the mission and to withif @D
(subset) Dec. 19, the ecliptic south for the remainder of the mission. The spin c
1998-Feb. 8, 1998 P T ma . P
LP 40- and 30-km LP100K 111 2 1,366,759 theLP was maintained to within 0.1 rpm of the nominal 12 rpm
extended mission (all)  LP165P or 5-s period.
Dec. 19, 1998-July 31, The spacecraft spin introduces two separate effects into t

1999 Doppler data. First, the spin introduces a bias in the Doppl

due to the spacecraft antenna pattern rotating with respect
on the farside (the last three months of the mission) had d#te Earth station. For the case where the omni antenna is us
weights near 4.0-6.0 mm/s. The range data noise, howeverfor both the up-link and down-link, a bias of {1240/221) x
is consistent for the entireP mission with an RMS noise of SHz is the result wher& is the spin rate of the spacecraft in
about 0.5 m for the 1000-plus range points collected every daegvs/s (0.2 forLP). The bias is thus 0.417 Hz or 27.3 mm/s
of the mission but with a 2-m data weight used in the gra¥l mm/s=0.0153 Hz at S-band). For the medium gain antenn:
ity solution. However, the range data do not strongly influendke polarization changes and the bias is-(240/221) x SHz,
the gravity solution. SinceP was in a circular polar orbit, the which forLP is —0.0172 Hz or—1.12 mm/s. In addition to the
groundtracks converge near the pole and the observations lies and a completely different effect, a sinusoidal signature a
come more dense. For this reason,ltPeobservation weighted pears in the high-rate (1-s) Doppler data due to an offset of t
sigma is adjusted for latitudg (onew = 0oid * COS Y2 ¢) witha antenna phase center from the spacecraft spin axis. Althou
maximum deweighting factor of 50 used for points within a dehe phase center was placed as close to the spin axis as po
gree of the pole. The inclination &P had long-term variations ble, a small offset still causes a large signature in the Dopple
within about 2 of the exactly polar = 90.0°. When the omni antenna is used for both the up-link and dow
Table | lists the missions included in the gravity solutionbnk signal, the result is a signature with a 5-s period and 8.1!
along with the number of observations (two- and three-waym/s amplitude. This indicates a 6.4-mm offset of the omni ar
Doppler plus range fdrP) and typical arc length. For each givertenna phase center from the spin axis. The amplitude reduce:
arc, the spacecraft position and velocity are estimated with th& mm/s when the medium gain antenna is used for the dow
spacecraft trajectory being continuous over that time intervéihk. Since the Doppler data are essentially differenced rang
For LP, the data arcs are typically 2 days long or 24 orbitsneasurements from the end points of the observable integrati
The lengths of the arcs were chosen to maximize the amountiofe, the sinusoidal signature can mostly be removed by using
gravity information included in the solution while minimizingmultiple of 5 s for the Doppler sample time. For the gravity mod-
the negative effects of unmodeled nonconservative forces on #ig described in this work, a sample time of 10 s is used. Afte
spacecraft that increase with longer arc lengths. The lack of fA0 s, the antenna phase center has returned to nearly the s:
side data makes it more difficult to choose the appropriate docation and this results in a very small remaining sinusoid:
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signature of less than 0.1 mm/s. This small signature is the redn general, the_P spacecraft is very clean with no momen-
sult of the spacecraft spin not being exactly 5 s. tum wheel desaturations and no atmospheric drag to estima
The spacecraft spin also had to be characterized for the TRe solar pressure force is simple because of the cylindrical b
open-loop recordings of the carrier signal for the purpose ahd limited components (no solar panels or large antennas). 4
timing the occultation events. The amplitude modulation show#tbugh outgassing of some sort is evident in the solar presst
that the spin period changed over the course of the mission batution at the beginning of the mission and decays to negligib
varied by less than 1% over any one orbit. values after the first 30 days of the missitR,is a good space-
craft to study the long-term effects of the gravity field. Of course
the major limiting factor in its use is the lack of direct farside
gravity observation. If the farside is mapped by a future mis

All'the lunar mission observations were processed using JpPign: theL P> data should provide excellent information on ke ,
Orbit Determination Program (ODP) (see Moyer (1971)); th'%ove numberforexample. Amaneuver was performed to ad;u:
software set used at JPL for navigation of all planetary spacF ¢ L_P spacecraft altitude about every 56 days f_or _the nomin:
craft. The ODP was modified for use on the Caltech/JPL )—(E'SS'OH and every 28 days fo_r the exte_nded mission. _None |
Exemplar SPP2000 supercomputer and it estimates the spzs gse large maneuvers were included in a data arc since d
craft state and other parameters using a square root informa

flgs were chosen to begin and end at maneuver times. Typica
weighted least-squares filter (see Lawson and Hanson (199%/)(,a

GRAVITY MODELING

ry two weeks, an additional small maneuver was performe

Bierman (1977)) in the coordinate system defined by the Eartﬁosad],u‘c’t the spin rate or spin pole direction. Data arc sta.rt ar
mean equator at the epoch of J2000. The parameters thatsé?g times we_,\re_also ch_osen to oceur atthese maneuver time:
estimated consist of arc-dependent variables (spacecraft stlé tnongrqwtfmonal m|smodelmg. .

etc.) that are determined separately for each data arc and glob Ihe grav@atlonal p(.)tenu-al ofthe Moon IS qugleg by asphe
variables (harmonic coefficients, etc.) that are common to harmonic expansion with normalized coefficieRtg, Shm)

&
data arcs. The global parameters are determined by mergﬂ%j

is given by
only the global parameter portion of the square root informa- ~ n n
tion arrays from all the arcs &fO, Apollo, ClementineandLP, U= ﬂ + % Z Z <%> Isnm(sin¢>)
but is equivalent to solving for the global parameters plus arc- r r s \r

dependent parameters of all arcs. This technique is described
by Kaula (1966) using partitioned normal matrices and was first
used to analyze Earth orbiter data, and for the type of filter used i i —
in this work (square root information), the method is outlineyheren is the degree anch is the order,Pnm are the fully
by Ellis (1980). nor_mallzed associated Legendre polynomiags; the refe_rence
Initially, we converge the data arcs by estimating only the [§2dius of the Moon (1738.0 km for our modelg)is the latitude,
cal variables using the nominal values for the global variabled1d? is the longitude. The normalized coefficients are relate
For each data arc the local variables estimated are the spacedPdfi€ unnormalized by (see Kaula (1966))
position and velocity, three solar pressure coefficients, velocity
increments for the photographic maneuverd @ biases for Com: S, ) = (n+ m)!
each three-way Doppler data pass due to the clock offsets be- "™ =™ (2 —éom)(@2n + 1)(n —
tween stations, range biases for each station paserfly), and
also forLP a Doppler bias every arc for any small correctiongheredom is the Kronecker delta function. The harmonic co-
to the spin-induced bias mentioned above. The solar pressefficients of degree one are fixed to O since the origin of th
model is a simple bus model that estimates the solar presscwerdinate system is chosen to be the center of mass of the bo
force along the Sun—spacecraft direction and the two orthogo-The lunar gravity field was developed using the lunar ori
nal directions toward the ecliptic pole and in the ecliptic planentation specified by JPL planetary ephemeris DE403. On tl
This model will absorb any possible spacecraft outgassing ephemeris, the orientation of the Moon with respect to the Ear
thermal radiation. In addition to the estimated parameters, thenean equator of J2000 (EME2000) is given by three Euler al
are many different models involved in the estimation process igles (Newhall and Williams 1997): (1) the rotation by angle
cluding, for example, accurate Earth station position modeliradpout theZ axis from the vernal equinox ¢ axis of EME2000
(to the 2—3 cm level), ionospheric and tropospheric correctiottsthe intersection of the ascending node of the lunar equat
to the Doppler and range data that are based on in situ GPS &jdhe tilt up about theX axis by to match the lunar equator,
weather measurements, point mass accelerations due to the&@uh(3) the rotation by, along the lunar equator to the lunar
and planets, relativistic time delay corrections on the observaljeime meridian. These three angles describe the lunar libratio
Earth’s oblateness on the spacecraft, and the indirect oblatertesa very high accuracy (2—-3 cm accuracy for the lunar lase
or the acceleration of the Moon due to the Earth—Moon oblatenging, Dickeyetal.(1994)) and were determined from numeri-
ness interaction. cally integrating the lunar orientation together with the planetar

% [Crm COSMA + Shm SINMA],

12
m)! ] (Crmi Sm),
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positions. These three angles give a lunar body-fixed coordin 500 F———
system with axes aligned with the lunar principal axes. S Py 57
Allthe results of the lunar gravity fields presented here use t .
body-fixed lunar orientation of DE403. If, however, one wishe
to use the lunar gravity field with the IAU lunar pole and prim&
meridian, some corrections must be made. The IAU orientaticg
either |AU-1991 (Daviegt al.1992) or IAU-1994 (Daviest al.
1996), is also a lunar body-fixed orientation with some lun&
librations included but with the body-fixed axes specified by th§ 200 L
mean pole of the Moon. These axes are offset from the princi[E [
axes of DE403 by rotations using three small angles and amou
to about 700 m at the lunar surface for two of the angles. Tl
conversion from mear) axes of the 1AU to the principal axes
(P) is given by Williamset al. (1996) for DE245. The angles i :
for DE403 change slightly and are . so 100 150 200 350 00 3se
Days Past January 1, 1998

300

ffere:

— 4 / 7
P = Ry(63.8986)R,(79.0768)Ry(0.1462)M. FIG.3. Differences of the lunar axes on the lunar surface from the DE40

) . . . ) integrated lunar librations and the 1994 IAU mean pole.
These rotations can also be included in the right ascenagien (

v — 907, declination § = 90" — ), and prime meridian/ = axes amount to errors in lunar orientation of 440 m during th

Y) series of the IAU by adding more terms to the series. D omi - . .
. . L ominal mission, whereas the maximum errors from usin
convert the 1AU series (either 1991 or 1994) to the principa

axes used by DE403, add)353 cosV, + 0.0034 cos{V, + €2)
to o, add 00220 sinwW, + 0.0007 sinf\, + 2) to §, and add
0.01775— 0.0507 codN,, — 0.0034 cos(V, + 2) to W, where

2 = E1 of the IAU series andi, is the polynomial part o gnce gl the observables are processed into one informati
(J. G. Williams 1994, personal communication). These terms,y the gravity field needs to be constrained because of t
come from spherlcfal tngonometry relations for the threg Sm‘?‘grge farside gap in the gravity data. If there is no constraint tt
rotations above. With the IAU series converted to the prinCipgheficients take on unrealistically large values. Figure 4 shov
axes, the remaining differences between the DE403 coordingig |unar gravity solution with the above-mentioned data fo
frame and the IAU are due to truncation of the libration termsy, ,nconstrained 50th degree solution (LP50PNOAP, i.e., nc
in the IAU series. Figures 2 and 3 show the magnitudes of thg ) The large fluctuations in the gravity field (purple/black

position differences in the body-fixed axes on the lunar surfapggion) clearly show the gap where there is no direct farsic
of the corrected IAU-1991 and IAU-1994 coordinates, reSpegpservation of the gravity field. Where there are no large fluct

tively, with the DE403 axes. The results of using the IAU-199L;jong the gravity field is well determined, and so this figure i

useful to show which features can be studied in detail with th
________ Xedea 1 LP gravity fields.

— - -Zdela : ] The typical constraint method is to bias the coefficients tc
5 ward 0 based upon a power law versus the degree of the

efficient. The previous lunar gravity solutions (Lemoigteal.
1997; Konoplivet al. 1993, 1998) have used this method with

an inverse square of the degne¢power law~1/n?). Recent
Mars gravity models have used the power constraint for onl

the high-frequency terms such as- 50 (Smithet al. 1999,
HY i 1 Yuanetal.2000). Another constraint method is to constrain th
' solution spatially instead of a spectral constraint. This methc
proved useful for the high-resolution model of Venus (Konopliv
et al. 1999) where there is substantial regional variation in dat
resolution and also for a pre-MGS gravity model (Konopliv an
: ; 3§ : 5 Sjogren 1995) to correctly specify the amplitudes of the Thars
0 50 100 150 200 250 300 350 volcanoes. The use of this technique, however, has not been
Days Past January 1, 1998 successful for the lunar gravity models. The farside gap is tc
FIG.2. Differences of the lunar axes on the lunar surface from the DE4d@rge to resultin a reasonable power spectrum with a spatial cc
integrated lunar librations and the 1991 IAU mean pole. straint. When the spatial constraint is applied, there is too mu

U-1994 are 140 m.
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FIG. 4. Unconstrained 50th degree and order lunar gravity field (LP50PNOAP for no a priori) accelerations at the lunar surface. Large oscillations darthiéduna

indicate where there is no direct observation of the gravity field.
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10 KONOPLIV ET AL.

10 prrr e ey the Venus or Mars gravity models and is most likely due e
i Poverlaw: 25402 ] the farside data gap together with low-altitude nonobserved fa
o lhTogsigma 1 side spacecraft orbits. However, the aliasing was smoothed f

—&— fun60d -

o lostonom i theLP165P modelatdegrees 122,145, and 165 as can be note
] the RMS sigma spectrum where an additional power constrai
] (2.0t050 x 10~*/n? for each coefficient) was applied for only

those 5 to 10 degree intervals to smooth the RMS spectrul
The determination of LP165P in three groups of coefficients &
mentioned above has resulted in a RMS spectrum that is not
smooth as it would be if all the coefficients were estimated witl
one step. The spectrum is very smooth to degree 110 with ve
little noise but beyond this degree the noise increases althou
the resolution of many smaller features (such as Tycho crate
Lo ? Lttt et ten st esiataaeitaaa1.d Iimproves. Future efforts will be to develop a model that provide

0 10 20 30 40 50 60 70 a smoother spectrum and less noisy result. With the noisier e
tended mission data, degree 165 seems to be about the limit
the data accuracy.

FIG.5. RMS magnitude spectrums for the lower degree and order lunar The second-degree coefficients of the lunar gravity field plu
g_ravity sol_utiohs. Included is the unconstrained 50th degree and order solutm% lunar libration parameters (Dickeyal. 1994) give the nor-
displayed in Fig. 4. malized polar moment of inertia for the MooB/{MR?). The re-

power in the higher frequencies. The constraint strongly aﬁe&gltséorl\;hél‘_lajéogg‘] élz‘iloogoK(’)gnd I(_jP&65|P models are cons_iste
the power in the RMS magnitude spectrum for degrees grea\f‘@}h t/df ?h 'LPYSG . del a}? t elernlarlcgc;rse c_(ln_rr:stralnts
than about 15. So, again, a spectral constraint is used for th sggorted for the model (Konoplet al. )- The so-

. tion for the polar moment is most sensitive to the relative dat
LP gravity models (for LP100J, LP100K, LP165P us6/3?, utie .
which is slightly greater than the actual observed spectrum).Welght between theP data and th€lementinalata set (a 20%

Figure 5 shows the RMS magnitude spectrums for the hig ange in the relative data weight chan@g#1R? by 0.0001).

resolution gravity models prior 1P (Lun60d of Konoplivet al his sensitivity will remain until there is direct farside gravity
(1993), GLGM2 of Lemoinest al. (1997)), one of the firsILP. observation at which time the uncertainty in the second-degr
gravity’models LP75G of Konoiolivet al ’(1998) and a 50th coefficients should significantly improve. Because of the farsid

degree Ilunar gravity model with the same data set as LP163¥; realistic uncertainties for the low-degree coefficients al
but with no gravity constraint (LPSOPNOAP for no a priori)'perhaps as high as five times the formal uncertainties. The RV
The Lun60d model has very near the same power ad Ehe differences between the coefficients of the LP100J and LP16¢

models except for the aliasing in the higher degrees (50 to lutions are greater than th.e.RMS uncertainties of LP100J |
where there is too much power (and noise as discussed abofgput 2 factor of 2 for coefficients less than degree 20. RM
The power of the GLGM2 model is reduced too much beyond

degree 20 due to deweighting of the data. The uncertainty 19— T T T T T3
RMS sigma of LP75G is too small due to the initial tight con Power law 25e-4/n2 |

. . .. o Ipl65
straints on the gravity coefficients but was corrected for modt Ipléspsigma

10° ¢

106°¢

RMS Magnitude

107

Harmonic Degree

that followed (LP100J, etc.). The observed power for allltRe 10 . ooy 3

......... 1p100j-sigma

models is about.3 x 10~*/n?. The farside gap causes a larg
uncertainty in the power spectrum beyond about degree 16—§
Atthis degree, the unconstrained solution strongly deviates fr(§a
the power law and so becomes the limit for accurate global iﬁ [
terpretation of the gravity field. Unfortunately, the investigatiorz ;¢ 7}
for example, of a possible farside and nearside crustal dichoto :
is limited to this degree. We also do not expect the actual pov L
spectrum to be much larger tharbZ 10~4/n? since the the- 10°¢
oretical uncompensated gravity from topography from Smi :
etal.(1997) is near  x 1074/n°.

Figure 6 shows the spectrum for the LP100J and LP16  '* ;3530 o o oo 1o ane 1a
models. The LP100K spectrum is very similar to LP100J. Tt
aliasing in the last five degrees of the spectrum is evident for tiic
LP100J model asitwas for LP75G. The aliasing is much strongerr|g. .  RMS magnitude spectrums for the higher degree and order lun:
for the lunar gravity models than what has been observed tpavity solutions.

10 °E

Harmonic Degree
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differences are significantly smaller than the uncertainties foons (mostly the five principal nearside mascons, Konagblal.
coefficients with degree greater than 20. (1998)).

The Love number solution for LP165Pks = 0.026+ 0.003 The map of the gravity field LP165P at the lunar surface, &
(10 times the formal error) and it is even more sensitive to relmentioned above, is very clean to degree 110 for the nearside.
tive data weights and combinations th@MR2. Thek, infor- degree 165 noise is visible in the solution, but geophysical inte
mation comes mostly from the time-varying solution for@ye pretation to this degree may still be possible, but for purposes
and $; coefficients with the second largest contribution condisplay, Fig. 8 shows the vertical gravity at the lunar referenc
ing from the C,, and S, variations. The zonal, coefficient sphere with radius 1738.0 km without tlig coefficient for the
variations contribute little to thke, solution. Even with the large nearside to degree 110 and for the farside to degree 60. Ag:
fluctuations in thek, solutions, results overall from various so-displaying the farside to only degree 60 diminishes the nois
lutions tend to be less than the lunar laser ranging (LLR) resuitthe map and more clearly shows the partial resolution of th
of ko, = 0.030+ 0.001 (Dickeyet al. 1994). The higher LLR farside features. There will always be a large amount of higt
result could be brought into agreement with it result by frequency noise for the farside until direct observation of th
adding core ellipticity models to the LLR data (Dickey al. gravity is made. Since the geoid attenuates the high frequen
1994). Farside data would significantly reduce aliasing in th&g. 9 shows both the farside and nearside potential surface
Love number solution and substantially improve the accuracyegree 110, again without tlie term. Contour lines are shown

The maximum global resolution for the lunar topography isn these two plots for every 100 milligals for the vertical grav
still the 90th degree solution from tl@ementindaser altime- ity and every 100 m for the geoid (solid black for positive anc
ter (Smithet al. 1997) with a gap in the polar regions fromdashed white for zero or negative). Prominent on the nearsi
75° latitude and higher. Additional regions have been mappeeoid are the mascons Imbrium and Serenitatis with magnitud
in detail such as the polar nearside regions by Earth radio greater than 400 m. The farside highlands above and arou
terferometry (Margoet al. 1999) and the full polar regions by Korolev and the large impact basin South-Pole Aitken are clear
Clementinestereo digital elevation maps (Coek al. 2000), visible on the lunar farside geoid with very little noise. Although
but as of yet no global high-resolution model has been piecadich more detail is evident in the geoid for South-Pole Aitker
together.LP radio occultations (Asmaet al. 1999) give to- the long wavelength overall amplitude is similar to previou:
pographic height measurements along the lunar limb and magdels such as GLGM2 (Lemoir al. 1997). So conclusions
help resolve the absolute elevation differences of the radio imf-a mostly compensated basin from using the GLGM2 mod
terferemetric andClementinestereo models as pointed out byremain unchanged (Zubet al. 1994, Arkani-Hamed 1998).
Cook et al. (2000). Once there is a higher resolution global Figures 10 and 11 show the corresponding uncertainties
model, evaluation of the high-resolution gravity will becoméhe surface gravity and geoid from the full covariance matri
easier. Figure 7 shows the correlation of the latddimodels for the first 110 degrees of the LP165P solution (to match tr
(LP75G, LP100J, LP165P) with harmonic topography GLTMRighest degree with minimal noise). These formal errors al
of Smith et al. (1997). Each subsequent model has shown @amnobably too optimistic and should be scaled upward by abo
increase in correlation. The large negative correlation at degeetactor of 2. So nearside uncertainties are about 30 milligals
10 and continuing to about degree 20 is due to the lunar mdsm and farside uncertainties can be as large as 200 millige
or 60 m. The farside bifurcation of the errors (where there at
larger uncertainties in the higher latitudes) is due to the multipl

1.0 : i i spacecraftl(O and Apollo) with inclinations between “Oand
0.8 F ’ wr0ees Ip1O0] i 30 The crosshatched groundtracks provide various integrat
1B —e—Ipi65p ] observations of the farside gravity and somewhat reduce t
0.6 B 1 i farside uncertainties for those latitudes.
. The most prominent features of the lunar gravity field are th
RN § CH: mascons and are the result of a combination of a mantle plt
3 3 y and mare fill in the basin (see review in Konopdital. (1998)).
S ook 2 Clearly visible on the nearside in both the acceleration and gec
- § are the five principal mascons Imbrium, Serenitatis, Crisiun
0.0 .4 Nectaris, and Humorum (clockwise from the upper left) that hav
E . i been known since thieO missions. All features are mare-filled
0.2 ? .3 large impact basins. Each mascon anomaly has a signific:
: : i contribution from the higher density mare relative to the crus
0.4 E i (~3.3vs~2.9 gm/cni) as shown for Serenitatis by Phillipsal.
0 20 490 60 80 (1972). All five of these mascons have sharp shoulders with

Harmonic Degree

gravity plateau and a negative surrounding gravity anomaly. Tt
FIG.7. Lunar gravity correlations with topography. newerLP gravity solutions, in general, improve the resolution
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FIG. 10. Vertical gravity uncertainty at the lunar surface in milligals. The errors are from the full 110 degree covariance of the LP165P solution for bc
nearside (left) and farside (right).
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FIG.11. Lunargeoid uncertainty at the lunar surface in meters. The errors are from the full 110 degree covariance of the LP165P solution for both the |
(left) and farside (right).
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of these mascons. It is now evident that Serenitatis has a doublem relative to the average surrounding negative ring withil
plateau. Just north of the main circular anomaly of 300-pluke basin. Absolute values are given for the previously know
milligals is a very distinct shoulder with a smaller plateau ahascons fronbO andApollo.
about 100 mgals that may be the result of mare fill in a depressiorClearly evident are 12 new mascons for impact basins that a
(see Fig. 8). on the nearside or are close to the limb and so can be obsen
The LP tracking data have clearly revealed many new adirectly. For each mascon there are a circular negative anome
ditional mascons (currently 18) as listed in Table Il. Gravitin the outer parts of the basin relative to outside the crater lim
anomalies for the mascons are for LP165P to degree 110 (erd a central gravity high in the center of the basin relative to th
cept for Schickard, which shows better resolution at degree 148¢gative ring. As an example, Fig. 12 shows the gravity contot
Amplitudes to degree 145 are generally nearly the same but diges for the Clavius mascon with an average basin ring min
nificantly noisier and changes to degree 165 are not significamim of —290 mgals and a central gravity peak-ef70 mgals.
For the new mascons, peak values are roughly the central miot included in the Table Il list are other impact basins tha

TABLE Il
Lunar Mascons
Absolute peak Diamet@r
Name (mgals ab = 110) Lat-Lon (km) Agé
Previously Known Nearside Equatorial Mascons
Imbrium 353 33N, 18W 1160 Lower Imbrium
Serenitatis 366 ZN, 19E 740 Nectarian
Crisium 340 17.5N, 58.5E 1060 Nectarian
Humorum 325 24S, 39.5W 820 Nectarian
Nectaris 289 16S, 32E 860 Nectarian
Smythii 247 2S,87E 840 Pre-Nectarian
Orientale 228 208, 95W 930 Lower Imbrium
Grimaldi 261 5S, 68W 430 Pre-Nectarian
Lamont 166 BN, 23E — —
Cruger 192 17S, 67W — —
Aestuum 287 1N, 10W — —
Relative peak Diameter
Name (mgals at = 110) Lat-Lon (km) Age

New Nearside or Limb Mascons

Humboltianum 380 6N, 84°E 700 Nectarian
Mendel-Rydberg 360 58, 94W 630 Nectarian
Schiller-Zucchius 350 56, 44.5W 325 Pre-Nectarian
Amundsen—Ganswindt 360 83, 120E 355 Pre-Nectarian
Schrodinger 260 5, 134E 320 Lower Imbrium
Lorentz 260 34N, 97°W 360 Pre-Nectarian
Harkhebi 190 40N, 98°E 300 Pre-Nectarian
Deslandres 180 3%, 5W 234 Pre-Nectarian
Shickard 130 44°S, 55W 227 Pre-Nectarian
Bailly 140 67S, 68W 300 Nectarian
Sikorsky—Rittenhouse 140 68, 110E 27C¢ Nectarian
Clavius 120 58S, 14W 225 Nectarian
Relative peak Diameter
Name (mgals ab = 60) Lat—Lon (km) Age

Partially Resolved Farside Mascons

Hertzsprung 140 1, 128.5W 570 Nectarian
Moscoviense 200 26\, 147E 445 Nectarian
Korolev 80 4.5S, 157W 440 Nectarian
Freundlich—Sharanov 200 1819, 175°E 600 Pre-Nectarian
Coulomb—Sarton 120 58, 123W 530 Pre-Nectarian
Dirichlet-Jackson 160 TN, 158W 470 Pre-Nectarigh

aBasin sizes and ages are from Wilhelms (1987) when available.
b peak an = 145, peak is 70 mgals at= 110.
¢ Cooket al. (2000).
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TABLE 111 TABLE Il1—Continued
Gravity of Lunar Craters

Diameter Gravity floor Gravity rim

Diameter Gravity floor Gravity rim Crater Latitude Longitude (km) (mgals) (mgals)
Crater Latitude Longitude  (km) (mgals) (mgals)
Oken —44 76 110 —148 -70

Pre-Nectarian Pascal +74 290 100 —258 0
Balmer —20 71 130 —~100 ~10 Phocylides —-53 302 130 —193 0
Barocius —43 14 135 —365 +30 Pitatus —30 346 97 —96 0
Blackett _38 243 150 —266 +60 Schwarzchild +71 120 235 —400 —60
Boussinqualt ~ —71 55 120 —451 0 Vieta -29 304 105 —230 +30
Brianchon +74 271 120 —415 —40 Zeeman =75 225 160 —489 —40
Curie —23 92 139 —280 o  Lowerimbrian
Eddington +22 288 120 —122 —20 Arzachel -18 358 97 —206 0
Einstein +17 271 170 —146 0 Compton +56 105 162 —314 0
Furnerius -36 60 125 —255 +20 Petavius. —25 60 177 —182 —20
Goldschmidt ~ +73 357 120 —125 o  Upperimbrian
Gruiemberger ~ —64 338 100 —324 0 Humboldt —27 81 207 —200 0
Hecataeus -21 80 120 —410 0 Iridum +44 329 260 —231 —80
Helmholtz —69 65 110 —301 —-10 Piccolomini -30 32 88 —-101 0
Herschel +62 319 120 —158 o  FEratosthenian
Hipparchus -6 5 151 ~50 +40 Aristoteles +50 17 87 —165 -20
Hirayama -6 94 139 -333 -100 Hausen —66 272 167 —397 0
Janssen —46 41 200 —234 +50 Langrenus -9 61 132 —461 —60
Joliet +26 93 150 _284 —_40 Pythagoras +64 297 130 -381 —-40
Landau 143 241 221 —334 0 Theophilus —-11 26 100 —203 +120
Lippmann —56 244 130 -373 o  Copernican
Lyot _50 84 141 —203 0 Copnericus +10 340 93 —180 +40
Maginus ~50 354 163 -375 +50 Tycho —43 249 85 -134 0
Manzinus —68 25 110 —268 -20
Maurolycus _42 14 150 365 +30 Note Crater location, size, and age are given by Wilhelms (1987) in Tables 8.
Mee _43 325 100 _271 _50 9.4, 10.2, 11.2, 12.2, 13.1. Ages of craters not listed in the these tables ¢
Messala +39 60 124 —94 0 determined as best as possible from Plates 6-11. The gravity amplitudes
Milne _31 113 262 —230 0 from LP165P truncated at degree 110 and includelgterm.
Moretus -71 355 120 —380 0
Pasteur -11 105 235 —261 +100
Piazzi =37 292 120 —-207 0
Poczobutt +57 260 200 —290 —40
Ptolemaeus -9 358 153 —100 +10 : I
Purbach _26 358 118 -75 +60 § Y
Rosenberger ~ —55 43 96 —186 -70 s . ; N
Rozhdestvenskiy +85 208 150 —451 —120
Sacrobosco -55 17 98 -120 +60
Scheiner -61 331 120 —270 +20
Schickard —44 305 227 —228 —20
Schiller -52 320 160 —284 0
Sklodowska -17 97 120 —-310 0
Stofler —-41 6 126 —198 +50
Szilard +34 106 127 —196 0
Vendelinus -16 61 100 —219 -50
Werner —28 3 100 —66 +50
Xenophanes +58 278 120 -233 -80

Nectarian
Albategnius -11 4 136 —264 +30
Alphonsus -15 358 119 —144 -10
Cleomedes +28 56 126 —-314 -20
Demonax —78 60 100 —409 0
Endymion +54 57 125 -281 0
Gauss +36 79 177 —144 0
Hevelius +2 293 106 —121 0
Hilbert —18 108 170 —348 +40
Huggins —40 356 120 —236 —60 FIG. 12. \Vertical gravity for the Clavius crater showing the gravity peak
Longomontanus —50 338 145 —405 0 in the center of the crater. The gravity is from a 110 degree truncation of tt
Neper +9 85 137 —337 +20 LP165P model with thel, term removed. The contour lines are in 20-milligal

intervals.
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do not show a central gravity peak in the center of the basin; filwors and approximate rims, which for many craters are nc
example, Tranquillitatis, Nubium, and Australe have a mixtungery clear since rims are not complete and are cut off by othe
of gravity highs and lows but no clear circular feature is evidentaters. The values were produced from the 165th degree a
with a gravity high in the center. Fecunditatis is closer in tharder model but were evaluated at 110th degree and order. Th
it has a minor central gravity high but the circular features aexamples of crater resolution are shown in Fig. 13 for Nepe
not clearly evident. Other smaller impact basins such as Pastaung Cleomedes. One can further refine most craters by additiol
Milne, and Schwarschild show a circular negative gravity coanalysis of the LOS Doppler residuals from the very low-altitude
responding to the basin but do not currently have a clear centabits obtained near the end of thenar Prospectomission, for

peak. They may be later classified as mascons as the resolutiwre are significant signatures remaining after the extraction
of the lunar gravity model improves. Even so, craters as smtike spherical harmonic model. Also, future higher degree singl
as 225 km (Shickard, Clavius) show a large central gravity higiep spherical harmonic models £ 110) will improve crater

within the basin. Also not included in the mascon list are sev-
eral small circular positive gravity features that correspond to

topographic lows such as two in Tranquillitatis {N3 30°E at an RS L
200 mgals and TN, 35°E at 180 mgals) and one near Smythii ' P T T T
(O°N, 79E at 240 mgals) that may be from buried impactbasins [ \ | er

with mantle plugs or are mare-filled craters. Vaporum with a v S z z

w
Wi

gravity amplitude of 87 mgals that is close to the second plateau
value of Serenitatis is most likely just mare fill. All the new mas-
cons (except Humboltianum and partly Mendel-Rydberg) have
no evidence of mare filland so are most likely a result of a denser
mantle plug.

Since the lunar farside gravity is not directly observed, it is
difficult to identify mascons on the farside. However, we be-
lieve there are strong indications of mascons for six large far-
side basins as listed in Table II. Most of these features have been
identified before as negative anomalies (Ananda 1977, Konopliv
et al. 1993, Lemoineet al. 1997). However, in th&P models
it has become apparent that these features also have a centra
gravity high in the center of the basin with a surrounding nega-
tive ring. In fact, the appearance of a mascon north of Korolev
led to the confirmation of the Dirichlet—Jackson basin by the
Clementinestereo elevation data (Coek al. 2000). The mas-
cons are only partially resolved and require information from all
the previous missiond.©O, Apollo) to be seen. The correspond-
ing gravity highs around the basins do not match as well with
the topographic highs as does the nearside gravity, and the am-
plitude of the central peak is about one-third of the value of what
one would expect based upon the nearside mascons. So it is not,
possible to determine mantle plug size and look for correlations
with basin size or age. All that can be said is that they likely ex-
ist. Many other farside basins such as Ingenii, Planck, Birkhoff,
Mendeleev, and Poincare will probably turn out to be mascons
once the farside gravity is directly observed since most nearside NN
basins of corresponding age and size are mascons. The ampli- 26p _ ) ° X
tudes in Table Il are given through degree 60 using the LP165P L -
model, although amplitudes can change somewhat for different 5 ~
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models. The LP165P amplitudes are strong for Moscoviense AN o

and Freundlich—-Sharanov but LP100J and LP100K show better | ~ * 1} ~o_]

peaks for the Hertzsprung and Korolev basins. 52 53 50
In addition to the mascons, tHeP gravity models resolve Longitude (degree)

many craters to diameters near 100 km or Iarger. Table 1l glveSFIG. 13. \Vertical gravity for the crater (a) Neper and (b) Cleomedes. The

a par'gial list of _Craters where they are listed by age group &vity is from a 110 degree truncation of the LP165P model withJshierm
described by Wilhelms (1987). Gravity values are given for themoved. The contour lines are in 20-milligal intervals.
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resolution. Analysis of the degree of isostatic compensation finder, A. B. 1998. Lunar Prospector: OvervieScience281, 1475-1476.

each crater versus age and location could possibly provide Bider, A. B., W. C. Feldman, G. S. Hubbard, A. S. Konopliv, R. P. Lin,

formation on thermal history of the Moon. M. H. Acuna, and L. L. Hood 1998. Lunar Prospector searches for pol
Overall, the latest gravity field model LP165P is a significant ice, ametallic core, gas release events, and the Moon’s oE@IB. Trans79,

. . . -~ 7.

improvement from previous models in providing a clean spectraf)

. Carranza, E., A. Konopliv, and M. Ryne 1999. Lunar Prospector orbit determin
solution to degree 110 (versus about degree 90 for LP100J cH‘on uncertainties using the high resolution lunar gravity model8AS/AIAA

LP100K) and is the model of choice for geophysical interpreta-astrodynamics Specialist Conference, Girdwood, AK, Aygus Paper 99-
tion. With LP165P, thé.unar Prospectomission has identified  325.

18 new mascons, resolved numerous craters, and provideccask, A. C., T. R. Watters, M. S. Robinson, and P. D. Spudis 2000. Lunar pol
initial dynamic Love number estimaté,(= 0.026). For orbit  topography derived from Clementine stereo imageszeophy. Resl05
determination, LP100K is probably the model to use because o$2:023-12,033.

excessive compute times with LP165P. There is still room f&@vies. M. E., V. K. Abalakin, A. Brahic, M. Bursa, B. H. Chovitz, J. H.

. . . . . . Lieske, P. K. Seidelmann, A. T. Sinclair, and Y. S. Tjuflin 1992. Report
Improvement with the lunar gravity models even with the exist of the IAU/IAG/COSPAR Working Group on cartographic coordinates anc

ing tr‘?‘Cking data. A complete high're_30|Uti0n_ solutiordegree  (gtational elements of the planets and satellites: 1@@lest. Mech53, 377—
150) in one step (i.e., one complete information array) would besg7.

a significant improvement over LP165P. The limiting factor isavies, M. E., V. K. Abalakin, M. Bursa, J. H. Lieske, B. Morando, D. Morrison,
the amount of computing time such a solution would take, butP. K. Seidelmann, A. T. Sinclair, B. Yallop, and Y. S. Tjuflin 1996. Report
hopefully, computer resources will become available to pursue the IAUIAG/COSPAR Working Group on cartographic coordinates ant
such a model. Also, a higher resolution global model of the to_rotatlonal elements of the planets and satellites: 1@&#est. Mech. Dynam.

. . . Astron.63, 127-148.
pography is needed for evaluation of the gravity model as well %key, J. 0., P. L. Bender, J. E. Faller, X. X. Newhall, R. L. Ricklefs, J. G. Ries

geophysical interpretation. This topography model is currentlyp ; sheius, c. veillet, A. L. Whipple, J. R. Wiant, J. G. Williams, and C. F
being developed using tli@ementinestereo elevation data (see Yoder 1994. Lunar laser ranging: A continuing legacy of the Apollo program
Cooket al. (2000) for polar results), and, of course, best of all Science265 482-490.

would be direct farside measurement of the gravity field. Thais, J. 1980. Large scale state estimation algorithms for DSN tracking static
subsatellite tracking of the Japane3ELENEmission sched- location determinationl. Astronaut. Sci28, 15-30.

uled for launch in 2003 will fill the farside data gap and greatl§errari, A. J. 1977. Lunar gravity: A harmonic analysls Geophy. Res82,
improve the lunar gravity field. It will even make the existin 306?’_3084' o ] -

LP data more valuable in, for example, investigating the Logiéarrarl, A. J., W. S. Sinclair, W. L. Sjogren, J. G. Williams, and C. F. Yodel

. 1980. Geophysical parameters of the Earth—-Moon syslei@eophy. Res.
number and improved polar moment. 85 39393951

Kaula, W. M. 1966 Theory of Satellite Geodeslaisdell, Waltham, MA.
Konopliv, A. S., and W. L. Sjogren 1995. The JPL Mars gravity field, Mars
The HP SPP2000 Supercomputer used in this investigation was provided b oc, based‘upon Viking and Marmgr 9 Dpppler tracking data. Tech Repol
funding from the NASA Offices of Mission to Planet Earth, Aeronautics, and et Propulsion Laboratory, California Institute of Technology, Pasadena, C.

Space Science. The research described in this paper was carried out by th&@pliv, A. S., and C. F. Yoder 1996. Venusia tidal Love number from
Propulsion Laboratory, California Institute of Technology, under a contract with Magellan and PVO tracking dat&eophys. Res. Le3, 1857-1860.
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